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ABSTRACT
THE EFFECTS OF PERTRUBATION ON PHOTOSYTEM REDOX STATE
IN THREE SPECIES OF OCTOCORALS
Emily L. Somova, M.S.
Department of Biological Sciences
Northern Illinois University, 2015
Neil W. Blackstone, Director
Coral reefs are susceptible to climate change through bleaching, which is often caused by
increases in ocean temperatures and light. Perturbation causes symbiotic dinoflagellates,
Symbiodinium spp., that inhabit the coral to become stressed and lost. Bleaching begins with the
perturbation of photosynthesis, but the actual site of damage is not clear. Chlorophyll
fluorescence in living symbionts provides insight into the redox state of photosystem II and
hence possible sites of damage. Using fluorescent microscopy, the relative chlorophyll
fluorescence of individual symbionts was measured in control and thermally perturbed colonies
of three species of alcyonacean octocoral, Phenganax parrini, Sarcothelia sp., and Sympodium
sp. Individual colonies were cultured under standard conditions and images of three areas of
coenenchyme per colony were obtained. The control colonies were then returned to standard
culture conditions, while the thermally perturbed colonies were placed in an incubator. After 30
minutes, images of the same three areas of both colonies were acquired. For each area of
coenenchyme, the fluorescence of the same symbionts was measured in images taken before and
after experimental treatments. This allowed for changes in the fluorescence of individual
symbionts to be followed over time. In all three species, control and thermally perturbed
colonies generally showed increased chlorophyll fluorescence, suggesting greater reduction of

photosystem II. Merely measuring colonies significantly increased the fluorescence of some
symbionts, particularly in Sympodium sp., in which both control and thermally perturbed
colonies showed significantly increased fluorescence. On the other hand, in Sarcothelia sp. and
P. parrini, thermally perturbed colonies exhibited significantly increased fluorescence while
controls did not. Phylogenetic analysis shows that Sarcothelia sp. and Sympodium sp. are
closely related xeniids, but are only distantly related to P. parrini. Conversely, P. parrini and
Sarcothelia sp. hosted Symbiodinium types D4-5 and D4-5-9, respectively, while Sympodium sp.
had a type C1 variant. These results suggest that host genotype is less important and symbiont
genotype more important in governing photosystem response to stress, with D type symbionts
more resistant to thermal perturbation and C type more sensitive. The hypothesis that greater
chlorophyll fluorescence corresponds to greater reduction of photosystem II (PSII) was
supported by experiments with the PSII inhibitor dichorophenyl-dimethylurea (DCMU) carried
out using similar methods. Measures of oxygen metabolism were used to determine the
concentration of DCMU that largely inhibits photosynthesis. Since the effects of thermal
perturbation on chlorophyll fluorescence are similar to DCMU, the results suggest that the water
splitting reaction is initially unimpaired but, photochemistry is blocked down stream of
photosystem II. It is possible that a coral’s symbiont clade may help us to predict how coral in
the field will react to future effects of climate change.
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INTRODUCTION

Coral reefs are biologically diverse and economically important (Hoegh-Guldberg et al.,
2007). Reefs support the fishing industry, tourism, and provide coastal protection.
Unfortunately, climate change has put these ecosystems in danger. Recent global surveys have
shown that 19% of coral reefs have been destroyed, 15% are at risk of collapse within the next
10-20 years, and a 20% are under long term threat of collapse (Bourne et al., 2009). The rise in
ocean temperatures and ocean acidification are killing off coral reefs through a stress response
called bleaching (Davy et al., 2012).
Corals are cnidarians from the class Anthozoa. The phylum Cnidaria contains more than
10,000 species that range in size from a few millimeters to more than 75 meters (Daly et al.,
2007). Cnidarians consist of two cell layers, an ectoderm and an endoderm that are held together
by the mesoglea (Augustin and Bosch, 2010). Within Cnidaria, hexacorals and octocorals are
sister taxa. Octocorals are a major part of cnidarian diversity as well as the diversity of coral
reefs. Octocorals include over 3400 extant species of soft corals, gorgonians, and sea pens.
Octocorals are formed of colonial polyps, with the exception of one known species (Daly et al.,
2007; McFadden et al., 2014).
Many corals contain photosynthetic dinoflagellate symbionts (Symbiodinium spp.).
These reside within the endodermal cells of the coral’s tissues and give them their color
(Douglas, 2003). They preform photosynthesis and accelerate the calcification process in corals
(Baker et al., 2008; Furla et al., 2000; Sammarco and Strychar, 2013). The mutualistic
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relationship consists of nutritional exchange; the symbionts photosynthetically fix carbon in
exchange for inorganic nitrogen, phosphorus and carbon from the host. The symbionts also
receive a high light environment and protection from herbivory (Weiss 2008).
When corals are perturbed they undergo a stress response known as bleaching, which
results in the loss of symbionts from the host tissue (Davy et al., 2012), causing the host to
appear pale or white (Douglas, 2003). Symbionts may be lost via exocytosis, apoptosis,
necrosis, host cell detachment, or pinching off of the distal portion of the host cell (Gates et al.,
1992). Any symbionts or symbiont-containing cells that do not die are thought to exit the colony
via the mouth (Gates et al., 1992; Weis, 2008). This stress response can be caused by an increase
in temperature, UV or visible light, sedimentation, or other factors (Glynn and D’Croz, 1990).
Coral reefs are susceptible to climate change through bleaching, which is brought on by
increases in ocean temperatures and light. The rapid increase of carbon dioxide into the
atmosphere is driving climate change and ocean acidification (Hoegh-Guldberg et al., 2007).
Increased temperatures are one of the factors that have made bleaching a concern. The rise in
sea temperatures can result in mass bleaching events (Baker et al., 2008). The average global
temperature of the sea is expected to increase 1.1-6.4° C within the next 100 years and has
already increased approximately 0.6° C since the beginning of the last century (Middlebrook,
2008). Since corals can obtain up to 95% of their daily carbon requirements from the
photosynthesis of their symbionts (West and Salm, 2003), maintaining this delicate balance of
symbiosis is an essential factor in the health and persistence of any coral reef ecosystem.
There is still much to learn about the stress response of corals and their variability in
those responses in order to make better predictions about the future effects of global climate
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change on coral reefs (Ferrier-Pages et al., 2009). Generally, most research suggests that high
temperature or other perturbation damage the symbionts’ photosynthetic machinery, which can
lead to cell damage in the symbionts and their hosts (Iglesias-Prieto et al., 1992; Fitt and Warner,
1995; Warner et al., 1996, 1999; Jones et al., 1998; Hill et al., 2011). Other types of stress cause
decreased symbiont density, but the mechanism of bleaching for each instance is still unknown
(Gates et al., 1992).
Cellular damage can lead to the breakdown of symbiosis (Baker et al., 2008), but there
remains much disagreement as to how the breakdown of symbiosis occurs. It has been
speculated that increases in temperature initially cause damage to photosystem II (PSII) (Warner
et al., 1996; Warner et al., 1999; Weis, 2008; Hill et al., 2011; Tolleter et al., 2013), the thylakoid
membranes (Tchernov et al., 2004), and/or the Calvin cycle (Lesser, 1996; Jones et al., 1998).
Thermal stress, along with high irradiance, is known to decrease the photosynthetic efficiency of
PSII. This decrease is caused by the rates of photodamage exceeding the rate of repair. This
results in photoinhibition, measured by a decrease in PSII photochemical efficiency (Warner et
al., 1999). Since damage to PSII, the Calvin cycle, and the thylakoid membranes all have the
potential to inhibit repair of photodamaged PSII, it is difficult to determine the initial site of
damage that leads to bleaching. Fluorometry can distinguish whether PSII is reduced or oxidized
and thus, if it is measured early in the process, whether the initial damage occurs in the Calvin
cycle or the water-splitting apparatus of PSII. If photochemistry is blocked at any point
downstream of PSII, and if the water splitting reaction is unimpaired, the blocking of
photochemistry or the oxygen evolution complex can lead to an increase in chlorophyll
fluorescence.
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Chlorophyll fluorescence techniques typically use a spectrofluorometer reading from a
relatively broad area of a colony and measure the variable/maximum fluorescence (Fv/Fm).
Fv/Fm is indicator of PSII photochemical efficiency or the quantum yield of photochemistry
(Jones et al., 1998), but makes a number of assumptions, which causes it to not be entirely valid.
The assumptions are made that all the fluorescence comes from PSII, that none of the other rate
constants change as the traps go from open to closed, and that all the fluorescence observed in
both the F0 and Fm states comes from a homogeneous system in which all chlorophyll excited
states are equivalent. Considering the complexity of the structure and function of the
photosynthetic apparatus, the last assumption is not valid. Although variable fluorescence is
relatively easy to measure experimentally and is a useful indicator of the maximum quantum
yield of photochemistry in PSII, it should not be taken as an entirely accurate way to measure
fluorescence because of these approximations (Blankenship, 2002).
One or all of three alternatives can occur when light energy is absorbed by chlorophyll
molecules. 1) The energy can be used to drive photosynthesis (photochemistry); 2) excess energy
can be dissipated as heat (non-photochemical quenching, NPQ); or 3) energy can be re-emitted
as light (chlorophyll fluorescence). Any increase in one of these alternatives can result in a
decrease in the yield of the other two combined. Based on this theory, the efficiency of
photochemistry and heat dissipation can be calculated by measuring increases in fluorescence
(Maxwell and Johnson, 2000), which typically signals greater reduction of PSII and diminished
photochemistry. Decreased fluorescence typically signals greater oxidation of the electron
transport chain of photosynthesis. This could result from increased photochemistry or, in the
case of bleaching, damage to the upstream mechanisms of photosynthesis (e.g., oxidation of
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water). Thus, examination of chlorophyll fluorescence can distinguish the source of the initial
damage to photosynthesis in bleaching with the assumption that there will be more (not less)
NPQ during perturbation (Jones et al., 1998).
Chlorophyll fluorescence techniques are useful tools to examine the site of initial and
subsequent damage (Blankenship, 2002). Analysis of chlorophyll fluorescence at room
temperature allows characterization of the redox sate of the primary electron acceptor for PSII
(Bennett et al., 1980). At room temperature, fluorescence is mainly emitted from PSII. The
contribution of photosystem I to the fluorescence signal at room temperature is about 1-2%
(Krause and Weis, 1991). PSII displays what is known as variable fluorescence, which reflects
the state of the electron transport chain. This in turn lends information on the amount of energy
going into photochemistry.
Light is absorbed by the antenna pigments and the excitation energy is transferred to the
reaction centers of the two photosystems (Krause and Weis, 1991). PSII and PSI are joined by
electron carriers (Fig. 1), with plastoquinone being the most common in oxygenic phototrophs.
Under light conditions that favor PSII, electrons enter the plastoquinone pool faster than they
leave and plastoquinone becomes reduced (Allen, 2003).
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Figure 1: Light cycle of Photosynthesis showing electron flow (Hardin et al., 2012).

Oxygen production can also be used to determine the health of colonies and also assess if
photosystems are functioning correctly. Net oxygen consumption is typically seen in the dark
due to respiration, whereas net oxygen production is observed during exposure to light due to
photosynthesis. If photosynthetic mechanisms are damaged, oxygen formation during
photosynthesis may or may not be impaired. For example, water may continue to be split via the
water-splitting complex in PSII, but carbon may no longer be reduced. As long as water is being
split, the electrons can flow to PSI and the coral is still alive to some degree (Tchernov et al.,
2004). At the appropriate concentration, the addition of DCMU will inhibit oxygen formation,
leaving PSII reduced, and chlorophyll fluorescence at a maximum. Experiments proceed by
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determining the concentration of DCMU that blocks oxygen formation and then using this
concentration to determine maximal fluorescence.
In this study, chlorophyll fluorescence is deployed using fluorescent microscopy of
individual symbionts. While techniques of spectrofluorometry are commonly used, fluorescent
microscopy offers the opportunity to examine individual symbionts before and after a brief
period of thermal perturbation, thus capturing images of the fluorescence of symbionts can
provide information on the redox state of the electron transport chain, which provides insight on
the initial site of damage in photosynthesis. Throughout this study experimental treatment of
increased temperature is referred to as thermal perturbation. However, perturbation can also refer
to: increased light, handling stress, stress from removing the colonies from culture conditions,
and measuring the colonies under the microscope. Nevertheless, to my knowledge, no attempt
has been made to image fluorescence in individual symbionts. This technique is particularly
advantageous in taxa in which symbiont migration occurs because, unlike spectrofluorometry, it
can distinguish emissions from symbionts in the tissue versus those in the lumen of the
gastrovascular system (Parrin et al., 2012). On the other hand, microscopy limits information
obtained on NPQ, though the assumption of increased NPQ during bleaching appears to valid
(Jones et al., 1998).

MATERIALS AND METHODS

Study Species and Culture Conditions

Experiments were performed on replicate colonies of Phenganax parrini, Sarcothelia sp.,
and Sympodium sp., which can be grown and studied in the lab. These are symbiont-containing
octocorals belonging to the Holaxonia-Alcyoniina clade of octocorals. Sarcothelia sp. and
Sympodium sp. both belong to the family Xeniidae (McFadden et al., 2006) while Phenganax
parrini belongs to the family Clavulariidae (Alderslade and McFadden, 2011). Sarcothelia sp.
and Phenganax parrini both contain symbionts from clade D and Sympodium sp. contains
symbionts from clade C (Fig. 2) (Parrin et al., in review). Although these species differ in family
relationships and symbiont type (McFadden et al., 2006; Alderslade and McFadden, 2011), they
exhibit similar stress response to thermal and light perturbation. Briefly, subsequent to thermal
perturbation, symbionts leave the tissue and accumulate in the lumen of the gastrovascular
system. While the response is similar, the species can clearly be ranked in terms of their
sensitivity to thermal perturbation, with colonies of Sarcothelia sp. the most sensitive, while
those of P. parrini are the least sensitive (Netherton et al., 2014)
Control and treated colonies were explanted from the same mother colony for each
experiment. Experimental colonies were grown on 12mm and 15 mm round cover glass and
cultured using standard methods, for example, 27 °C, 1.026 specific gravity, 8.2 pH, 400 ppm
calcium, 1200 ppm magnesium, 0 ppm nitrate and 12 h dark, 8 h illumination at 30 µmol
photons m-2 s-1, 4 h illumination at 110 μmol photons m-2 s-1 (Parrin et al., 2012). For
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experimentation, fresh materials were used. The colonies were grown on the cover glass 1-2
weeks before use.

Figure 2: Phylogenetic tree of P. parrini, Sarcothelia sp. and Sympodium sp. P. parrini is from
the family Clavulariidae. Sarcothelia sp. and Sympodium sp. are from the family Xeniidae.
Figure modified from Parrin et al., in review.

Measures of Chlorophyll Fluorescence

To determine what the initiating steps are in the bleaching process, fluorescent
microscopy was used to measure differences in chlorophyll fluorescence of individual symbionts
within the host tissue of thermally perturbed and unperturbed colonies of octocorals. Tracking
these changes provided better insight on the breakdown of photosynthesis. Data was evaluated
in terms of parallel experiments on oxygen metabolism (Netherton et al., 2014) and symbiont
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movement (Parrin et al., 2012) as well as host and symbiont relationships (Parrin et al., in
review).
Fluorescence is measured using excitation energy of 540 -580 nm and emission energy
from 620 -680 nm. Colonies were imaged in 5 mL microscope chambers using a Hamamatsu
camera attached to a Zeiss Axiovert 135 inverted microscope, and an image analysis system.
Images were acquired and analyzed using Image-Pro Plus. To rapidly measure colonies, small
groups of several colonies were imaged at the same time. In each colony, three areas of
coenenchyme were initially imaged. After images were taken, the control was put back in
culture conditions (27 ºC and12 h dark, 8 h illumination at 30 µmol photons m-2 s-1, 4 h
illumination at 110 μmol photons m-2 s-1) while the treated colony was placed in an incubator
(30o C and light levels of 140 μmol photons m-2 s-1) and thermally perturbed. After 30 minutes
the colonies were again imaged in the same three areas. Images were processed in Image ProPlus for size and relative luminance for each individual symbiont. The utility in using the same
location was to track individual symbionts to detect changes in their fluorescence.
For each area of coenenchyme, the fluorescence of the same symbionts was measured in
images taken before and after experimental treatments and all symbionts that could be reliably
measured in both images were measured. The number of symbionts measured in each image
ranged from 1-24. This allows for changes in the fluorescence of individual symbionts to be
tracked over time. The change in relative luminance was measured using subtraction and data
were statistically analyzed using Statistical Analysis Software program 9.2 (SAS, Cary, NC), to
compare control and treated colonies. A Means procedure is conducted to provide descriptive
statistics and paired comparison t-tests, which tests whether the difference between the before
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and after relative luminance significantly differs from zero. The overall effect was determined
by calculating the mean before-and-after difference for each area, then calculating a χ² statistic
comparing the number of oxidized and reduced areas to the 50:50 null hypothesis. It is expected
that 50 percent were oxidized and 50 percent were reduced. The latter test was performed for all
areas and separately for those areas that showed significant differences, either oxidized or
reduced, from zero.

12

Figure 3: Schematic representation of methods used to measure differences in chlorophyll
fluorescence of individual symbionts.
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Fluorescent Microscopy during Chemical Inhibition of Photosynthesis

The protocols used to measure chlorophyll fluorescence rely on the well-known inverse
correlation between photochemistry and chlorophyll fluorescence. A third variable, nonphotochemical quenching (NPQ), can nevertheless affect this relationship. NPQ results in
energy being dissipated as heat. With certain assumptions (Blankenship, 2002), NPQ is widely
measured using the “light doubling” technique (Maxwell and Johnson, 2000). It is impractical to
implement this technique using microscopy (but see Zeiger et al., 1981). It is possible, however,
to abolish photochemistry using chemical inhibitors and examine chlorophyll fluorescence under
these conditions. As pointed out above, NPQ is unlikely to decrease under these conditions.
The herbicide Diuron (dichorophenyl-dimethylurea, DCMU) is commonly used to
eliminate photochemistry and can penetrate through biological membranes when dissolved in
DMSO (Clavier and Boucher, 1992). DCMU blocks electron transport from QA to QB (the
secondary quinone in PS II) by displacing QB from the appropriate pocket of the D1 protein.
This interrupts the photosynthetic electron transport chain (Lazar, 1999). DCMU only blocks
electron flow from photosystem II and has no effect on photosystem I or other reactions in
photosynthesis (Zeiger et al., 1981). At the appropriate concentration, the addition of DCMU
will inhibit oxygen formation, leaving PSII reduced, and chlorophyll fluorescence at a
maximum. Experiments proceed by determining the concentration of DCMU that blocks oxygen
formation and then using this concentration to determine maximal fluorescence.
Individual colonies are removed from culture conditions, and images of three areas of
coenenchyme per colony are obtained as described above. The treated colonies are placed in an
incubator in the chamber under control conditions (27 ºC and light levels of 55 μmol photons m-2
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s-1) and incubated in DCMU (250 μM solubilized in Dimethyl sulfoxide (DMSO)). Control
colonies are similarly incubated under the same concentration of DMSO. Images are taken again
after 30 minutes, and measured for individual symbiont fluorescence. All symbionts that could
be reliably followed were measured. The change in relative luminance was measured using
subtraction and data were statistically analyzed using Statistical Analysis Software program 9.2
(SAS, Cary, NC), to compare control and treated colonies. A Means procedure is conducted to
provide descriptive statistics and paired comparison t-tests, which tests whether the difference
between the before and after relative luminance significantly differs from zero. The overall
effect was determined by calculating the mean before-and-after difference for each area, then
calculating a χ² statistic comparing the number of oxidized and reduced areas to the 50:50 null
hypothesis, 50 percent oxidized and 50 percent reduced. The latter test was performed for all
areas and separately for those areas that showed significant differences, either oxidized or
reduced, from zero.
Measurements of Oxygen Metabolism

Oxygen production can be used to determine the health of colonies and also assess if
photosystems are functioning correctly. Net oxygen consumption is typically seen in the dark
due to respiration whereas net oxygen production is observed during exposure to light due to
photosynthesis. By using an inhibitor, DCMU, to block photosystem II (PSII), oxygen
metabolism in the light more closely resembles that in the dark.
Dissolved oxygen was measured using a Strathkelvin 1302 electrode and a 781-oxygen meter in
a glass chamber. A Neslab RTE-100D recirculating chiller operating at 27º C maintained
constant temperature. Colonies of Sacrothelia sp. were grown on 12mm diameter round cover
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glass in order to fit into the 13mm diameter glass chamber. A magnet was attached for stirring
purposes to the back of another 12mm cover glass, and was attached with a drop of silicone
grease to the cover glass on which a colony resided (Netherton et al., 2014). Oxygen uptake
readings were recorded for a total of 21 minutes in the dark and 21 minutes in the light in 1 mL
seawater with 12.5 μL dimethyl sulfoxide (DMSO), the solvent used for DCMU dissolution.
This process was then repeated in 1 mL seawater with 12.5 μL from a stock solution of 0.008
mol L-1 DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) dissolve in DMSO to a final
concentration of 100 μmol L-1.
Five colonies of Sarcothelia sp. were used to measure oxygen metabolism. For each of
these colonies, the slope of oxygen concentration versus time was calculated for the untreated
colony in the light and in the dark and for the same colony treated with DCMU in the light and in
the dark. The slopes were averaged and a paired comparison t-test was done. The mean slope in
the light for controls was compared to the mean slope in the light for the treated colonies and the
mean slope in the dark for controls was compared to the mean slope in the dark of the treated
colonies.
Transmission Electron Micrographs of Phenganax parrini

Thermal perturbation of colonies of Phenganax parrini for 30 minutes sometimes results
in a physical change in the appearance of symbionts compared to controls. Symbionts exhibit
dark areas that appear “cracked.” This phenomenon was not observed in symbionts in the other
two species. I investigated this further by incubating a colony for 30 minutes under increased
temperature and light (30o C and light levels of 140 μmol photons m-2 s-1). The incubated colony
and a control colony from the tank were fixed and transmission electron micrographs (TEM)
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were obtained. Symbionts from TEM images were scored as either normal or degraded and
analyzed using a Chi-Squared statistical analysis. Features that indicate degradation include:
loss of circular symmetry, uneven and relatively dark coloration, and a loss of cellular integrity
(e.g., cell wall damage) (Davy et al., 2012). There is no protocol that would allow individual
symbionts to be imaged using both fluorescent and transmission electron microscopy (TEM).

RESULTS

Measures of Chlorophyll Fluorescence

In all three species, control and thermally perturbed colonies generally showed increased
chlorophyll fluorescence, suggesting greater reduction of photosystem II. The act of measuring
fluorescence increased the fluorescence of some symbionts, particularly in Sympodium sp., in
which both control and thermally perturbed colonies showed significantly increased fluorescence
likely due to the physical stress (see below). On the other hand, in P. parrini (Fig. 4) and
Sarcothelia sp. (Fig. 5), thermally perturbed colonies exhibited significantly increased
fluorescence while controls did not.
Of the three species tested, symbionts in colonies of P. parrini appeared to be the most
resistant to thermal perturbation. For colonies of P. parrini (Fig. 4), controls (oxidized: reduced,
16:23) there was no significant difference between the number of areas that were oxidized versus
reduced (χ²=1.26, P=0.26), while thermally perturbed areas (oxidized: reduced, 11:27) were
significantly more reduced (χ²=6.74, P=0.009). Analysis of the coenenchyme areas that showed
higher fluorescence after manipulation showed no differences between the number of areas
significantly oxidized versus reduced (controls [significantly oxidized: significantly reduced,
3:4], χ²=0.14, P=0.7; thermally perturbed [significantly oxidized: significantly reduced, 3:6],
χ²=1, P=0.3). Possibly, ultrastructural changes in symbiont morphology affected fluorescence in
colonies of P. parrini (see next section). For colonies of Sarcothelia sp. (Fig. 5), the controls
(oxidized: reduced, 8:16) there was no significant difference between the number of areas that
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were oxidized versus reduced (χ²=2.66, P=0.1) and thermally perturbed areas (oxidized: reduced,
3:21) were significantly more reduced (χ²=13.5, P=0.0002). One treated coenenchyme area
showed significant oxidation, while 7 controls and 14 thermally perturbed areas showed
significant reduction ([significantly oxidized: significantly reduced 1:14], χ²=11.2667, P=0.0008)
(Fig. 5).
Sympodium sp. appeared to be the least resistant to thermal perturbation (Fig. 6) and
merely measuring the controls was enough perturbation to cause a statistically significant
increase in fluorescence likely due to handling stress. Controls (oxidized: reduced, 8:22) were
significantly reduced (χ² =6.53, P = 0.01) as were thermally perturbed areas (oxidized: reduced,
7:23) (χ²=8.53, P=0.0035). Using coenenchyme areas that were significant using paired
comparison t-tests, controls were significantly more reduced (significantly oxidized: significantly
reduced, 1:10; χ² =7.36, P = 0.007). No areas in thermally perturbed colonies were significantly
oxidized, while 13 of the areas were significantly reduced.
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Figure 4: Change in chlorophyll fluorescence in thirteen control (A) and thirteen thermally
perturbed colonies (B) of Phenganax parrini. For each colony, three areas of coenenchyme were
imaged and for each of those areas of coenenchyme, the average change in relative chlorophyll
fluorescence after 30 min of all measurable symbionts is shown (the number of symbionts is
shown along the mid-line). Change in relative luminance is measured using subtraction.
Controls (16:23) are not significantly different from 50:50 (χ²=1.26, P=0.26); thermally
perturbed areas (11:27) are significantly different from 50:50 (χ²=6.74, P=0.009).

20

Figure 5: Change in chlorophyll fluorescence in eight control (A) and eight thermally perturbed
colonies (B) of Sarcothelia sp. For each colony, three areas of coenenchyme were imaged and
for each of those areas of coenenchyme, the average change in relative chlorophyll fluorescence
after 30 min of all measurable symbionts is shown (the number of symbionts is shown along the
mid-line). Change in relative luminance is measured using subtraction. Controls (8:16) are not
significantly different from 50:50 (χ²=2.66, P=0.1); thermally perturbed areas (3:21) are
significantly different from 50:50 (χ²=13.5, P=0.0002).
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Figure 6: Change in Chlorophyll Fluorescence in ten control (A) and ten thermally perturbed
colonies (B) of Sympodium sp. For each colony, three areas of coenenchyme were imaged and
for each of those areas of coenenchyme, the average change in relative chlorophyll fluorescence
after 30 min of all measurable symbionts is shown (the number of symbionts is shown along the
mid-line). Change in relative luminance is measured using subtraction. Controls (8:22) are
significantly different from 50:50 (χ² =6.53, P = 0.01); thermally perturbed areas (7:23) are
significantly different from 50:50 (χ²=8.53, P=0.0035).
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Transmission Electron Micrographs of Phenganax parrini

Colonies of Phenganax parrini that were treated for 30 minutes with increased
temperature and light had a physical change in appearance compared to control symbionts. The
symbionts exhibit dark spots which cause the symbionts to appear to be “cracked” (Fig.7B, Fig.
8). Although many of the symbionts exhibit this change, not every single one does. Colonies of
Sarcothelia sp. and Sympodium sp. did not exhibit this change in appearance within the 30
minutes of thermal perturbation. Symbionts from thermally perturbed colonies (normal:
degraded; 28:41) were significantly more degraded than controls (normal: degraded; 36:18;
χ²=8.259, P = 0.0041).

23

Figure 7: Individual symbionts in the coenenchyme of a treatment colony of Phenganax parrini
at time 0 (left) and time 30 (right). After 30 minutes the symbionts in the treated image exhibit
dark spots. Scale bar= 50 μm

Figure 8: Individual symbionts in the coenenchyme of a treated colony of P. parrini. Scale bar=
30μm
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Figure 9: TEM images of symbionts from P. parrini from a control colony (A) and a treated
colony (B). Symbionts from the treated colony show symbiont degradation and loss of cellular
integrity. Scale bar: 5 μm
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Figure 10: TEM images of a symbiont from P. parrini from a control colony (A) and a treated
colony (B). Symbiont from the treated colony shows symbiont degradation and loss of cellular
integrity. Scale bar= 2 μm
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Fluorescent Microscopy during Chemical Inhibition of Photosynthesis

Colonies of Phenganax parrini incubated in DMCU exhibited increases in fluorescence
when compared to controls incubated with only DMSO (Fig. 11). Controls (oxidized: reduced,
14:22) were not there was no significant difference between the number of areas that were
oxidized versus reduced (χ² =1.78, P=0.18), while treated colonies (oxidized: reduced, 9:27)
were significantly reduced (χ² =9.00, P=0.0027). Of the areas of coenenchyme that were
significantly oxidized or reduced, controls (significantly oxidized: significantly reduced, 6:7)
there was no significant difference between the number of areas that were significantly oxidized
versus reduced (χ² =0.077, P=0.78), while treated areas (significantly oxidized: significantly
reduced, 4:14) were significantly reduced (χ² =5.56, P=0.018).
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Figure 11: Change in chlorophyll fluorescence in twelve control colonies incubated in DMSO
(A) and twelve colonies incubated in DCMU solubilized in DMSO (B) of Phenganax
parrini. For each colony, three areas of coenenchyme were imaged and for each of those areas
of coenenchyme, the average change in relative chlorophyll fluorescence after 30 min of all
measurable symbionts is shown (the number of symbionts is shown along the mid-line). Change
in relative luminance is measured using subtraction. Controls (14:22) are not significantly
different from 50:50 (χ² =1.78, P=0.18) and treated colonies (9:27) are significantly different
from 50:50 (χ² =9.00, P=0.0027).
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Measurements of Oxygen Metabolism

A control colony shows the expected pattern in which oxygen concentration decreases in
the dark and increases in the light (Fig. 12A). On the other hand, the treated colonies had a
negative slope of oxygen concentration in the light (Fig. 12B). The response shows the effect of
the DCMU on photosynthesis. The oxygen production from photochemistry no longer
outweighs the respiratory demand which produces an effect similar to that of dark conditions.
For the control colonies that were exposed to only DMSO, the dissolved oxygen concentrations
decreased in the dark due to respiration and increased in the light as a result of photosynthetic
oxygen production. The colonies treated with DCMU and DMSO decreased in the dark at a rate
that was similar to the controls (t= -0.73 P=0.5057). However, in the light, when controls
formed oxygen, the colonies treated with DCMU and DMSO had a negative slope. The slope of
the controls in the light was positive whereas the slope of the treated colonies was negative
(t=5.76 P= 0.0045, Fig. 13).
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Figure 12: Oxygen metabolism data shows that a colony in a DMSO solvent (A) are able to
form net oxygen production in the light, but when the colony was treated with DCMU in
addition to DMSO (B) has oxygen formation inhibited in the light.
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Figure 13: Means ± standard errors of oxygen metabolism measurements.

DISCUSSION

Corals reefs are susceptible to a stress response through bleaching, which is often caused
by increases in ocean temperature and light. Bleaching typically involves the loss of
photosynthetic dinoflagellate symbionts, Symbiodinium spp., causing the host to appear pale or
white. Bleaching begins with the disruption of photosynthesis, but despite decades of study it is
still unclear where the initial damage occurs. Chlorophyll fluorescence can distinguish damage
upstream or downstream of PSII, but this technique is typically used to measure quantum yield,
which will decrease regardless of where the damage occurs, as will other measures of
photochemistry e.g., carbon fixation. I studied individual symbionts using fluorescent
microscopy in order to analyze photosynthetic fitness before and after a brief period of thermal
perturbation. Thus capturing images of the fluorescence of symbionts can provide information on
the redox state of the electron transport chain, which provides insight on the initial site of
damage in photosynthesis.
In this study, I present the first measurements of chlorophyll fluorescence of individual
symbionts instead of broad areas of a colony. By measuring individual symbionts I was able to
quantify the increase in fluorescence that was attributed to the symbionts in the tissue rather than
those in the lumen of the gastrovascular system. With all three species, thermal perturbation
increases chlorophyll fluorescence. In interpreting the significance of these findings, recall that,
light energy can be used for photochemistry, non-photochemical quenching, or chlorophyll
fluorescence. Heat and light stress typically increase NPQ (Jones et al., 1998). Decreased
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fluorescence would thus indicate either decreased photochemistry or damage to the water
splitting apparatus. Increased fluorescence, on the other hand, suggests that water splitting is still
proceeding and photochemistry is blocked downstream of PSII. Hence, electrons are backing up
and reduction of the photosystems causes more energy to be released as fluorescence.
The hypothesis that greater chlorophyll fluorescence corresponds to greater reduction of
photosystem II was supported by experiments with dichorophenyl-dimethylurea (DCMU) a
known inhibitor of PSII. DCMU blocks electron transport from QA to QB (the secondary
quinone in PSII) by displacing QB from the appropriate pocket of the D1 protein. Thus, while
PSII is reduced, the remaining photosynthetic apparatus including PSI would not receive
electrons and would be oxidized. In this case, increased fluorescence, suggests that water
splitting is still proceeding and photochemistry is blocked. Hence, electrons are backing up and
reduction of PSII causes more energy to be released as fluorescence. Colonies that were
incubated in DCMU exhibited an increase in fluorescence in 30 minutes similar to that seen after
perturbation from increased temperature and light, and this corresponds to the greater reduction
of PSII.
Controls were treated with an amount of DMSO equal to the amount used to solubilize
DCMU. DMSO tends to make membranes more permeable, and this may uncouple electron
transport chains. Such uncoupling typically shifts the redox state in the direction of oxidation.
Particularly at higher concentrations of DMSO, this effect was observed on the fluorescence of
PSII (data not shown). This effect may diminish the treatment effects in the colonies of
Phenganax parrini that were treated with the DMSO and DCMU.
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Phenganax parrini, Sarcothelia sp., and Sympodium sp. are extremely sensitive to
thermal perturbation. For each, redox state is shifted in the direction of reduction simply by
observing them with fluorescent microscopy (i.e. in control groups). In P. parrini and
Sarcothelia sp., this shift is not significant given the sample size. However, for Sympodium sp.,
this effect is statistically significant and virtually as large as that of the thermally perturbed
colonies. P. parrini and Sarcothelia sp. have type D Symbiodinium while Sympodium sp. has
type C (Fig. 2). This finding supports other research suggesting D type symbionts are generally
found to be more resistant to thermal perturbation and C type are more sensitive (Sammarco and
Strychar, 2013). This difference can apparently be observed after just thirty minutes of
perturbation. Phylogenetic analysis shows that Sarcothelia sp. and Sympodium sp. are closely
related xeniids but are only distantly related to P. parrini. These results suggest that host
genotype is less important and symbiont genotype more important in governing photosystem
response to stress, with D type symbionts more resistant to thermal perturbation and C type more
sensitive.
Bleaching occurs when environmental stressors, such as increase heat and light, damage
photosystem II of the photosynthesis process (Dunn et al., 2014). This leads to the production of
reactive oxygen species (ROS) (Lesser et al., 1990; Jones et al., 1998; Tchernov et al., 2004;
Weis, 2008) which are released into the coral (Sammarco and Strychar, 2013). The production
of ROS results in a series of reaction that ultimately result in cell and symbiont death and thus
bleaching which is described as the “canonical” pathway of bleaching (Fig. 14, lower pathway).
The canonical pathway happens in the light and has been largely regarded as the only process for
bleaching to occur (Weis, 2008). High concentrations of ROS found in light and temperature
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stressed symbionts are an indication that ROS is involved in the cnidarian stress response
(Lesser, 1997; Weis, 2008).

Figure 14. Canonical vs. non-canonical pathways. In the
canonical (lower) pathway, thermal perturbation damages
the photosynthetic apparatus and leads to increased ROS
formation. In the non-canonical (upper) pathway, decreased
photosynthesis and increased CO2 leads to increased ciliary
action and thus increased symbiont migration.

The shift in the redox state in the direction of reduction should also increase the
formation of ROS. The buildup of electrons is thought to lead to the generation of multiple ROS
in the symbiont (Tchernov et al., 2004). ROS are partially reduced forms of oxygen which
include: hydrogen peroxide, singlet oxygen, triplet oxygen, and hydroxyl radicals. These
reduced oxygen intermediates are produced by the chloroplasts (Halliwell and Gutteridge, 1985).
Reduction in PS II likely corresponds to reduction in PSI, the major sources of ROS via Mehler
reactions (Weis, 2008). These reactive intermediates induce oxidative stress and can cause
damage to proteins, lipids and DNA (Lesser, 2011). Chlorophyll fluorescence results are
consistent with data from Netherton et al. (2014). In particular, colonies of Sarcothelia sp. show
a dramatic increase in ROS within 60 minutes of incubation. P. parrini had fewer areas of
coenenchyme that had statistically significant increases in fluorescence and also develop ROS
much slower than Sarcothelia sp. (Netherton et al., 2014).
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After only 30 minutes of thermal perturbation, colonies for both the sensitive and more
resilient species of coral showed disruption of photosynthesis. Previous studies with P. parrini
did not show any changes after being thermally perturbed at 30o C for 24 hours (Parrin et al.,
2012). This bring into question whether studies that are performed in situ can provide an
accurate baseline and to what extent collecting coral from the field perturbs them. Although
longer periods of thermal and light perturbation could further explain the breakdown of
symbiosis, it is impractical due to the migration of the symbionts. Finding the exact set of
symbionts after 30 minutes was difficult and longer periods of time would prove to be even more
challenging.
There is still much to learn about the stress response of corals and their variability in
those responses in order to make better predictions about global climate change on coral reefs
(Ferrier-Pages et al., 2009). Understanding the mechanisms behind bleaching can help us to
better predict the future of corals and possibly help to prevent bleaching from occurring. Coral
reefs are important both biologically and economically. They generate an estimated $375 billion
each year from tourism and fisheries (Rashef et al., 2006). As global climate change worsens, it
is critical we learn how to save coral reefs (Hoegh-Guldberg, 1999). Some research shows that
more resilient corals are adapting to rising sea temperatures both short and long term (Palumbi et
al., 2014). These corals could be used to help us understand bleaching and help to slow their
demise.
Future Directions

The goal of the current study was to look at where the damage occurs in photosynthesis
due to thermal perturbation. Misconceptions in this regard abound in the literature (e.g., Desalvo
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et al., 2008). If the initial damage occurred at the D1 protein, all aspects of photochemistry
including carbon fixation would decrease. Quantum yield, which is typically measured in
studies of chlorophyll fluorescence, would also decrease. In our experiments, chlorophyll
fluorescence would decrease as well. Critically, if the damage occurs at the D1 protein, ROS
would not be produced (the electrons to form ROS come from the splitting of water). On the
other hand, if the D1 protein and the entire water splitting apparatus is intact (i.e. if the initial
damage occurred downstream of photosystem II), all aspects of photochemistry including carbon
fixation would still decrease and quantum yield would still decrease. However in our
experiments chlorophyll fluorescence as measured would increase. This signals that PSII is
reduced and the canonical pathway of bleaching can proceed. Examination of carbon fixation
(e.g. using radiolabeled carbon dioxide) cannot distinguish between these hypotheses. However
such an experiment can provide insight on the amount of non-photochemical quenching that is
occurring under these conditions. For instance, if the amount of carbon fixed is comparable in
the control vs thermally perturbed colonies then non-photochemical quenching did not increase
by much.
Another future project that could stem from the results found in this study is to further
examine the ultrastructural changes in symbionts that occur when colonies of Phenganax parrini
are thermally perturbed. This can be accomplished by looking at other species, such as
Sarcothelia sp. and Sympodium sp., to investigate what happens after 30 minutes of thermal
perturbation and see if longer time periods or higher temperatures cause ultrastructural changes.
Tchernov and colleagues (2004) found that thylakoid membranes of thermally sensitive clones
that were subjected to higher temperature were significantly disrupted, and the organized

37
stacking pattern was compromised. The stacking pattern is essential for efficient photochemical
energy transduction and its disruption is an irreversible process. Examining the stacking patterns
in colonies of P. parrini may further elucidate the bleaching process. The disruption of stacking
patterns maybe associated with the degradation that was observed in thermally perturbed
colonies of P. parrini.
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